Mutations in the human Crumbs homologue 1 (CRB1) gene cause severe retinal dystrophies. CRB1 is homologous to Drosophila Crumbs, a protein essential for establishing and maintaining epithelial polarity. We have isolated the mouse orthologue, Crb1, and analyzed its expression pattern in embryonic and post-natal stages. Crb1 is expressed exclusively in the eye, and the central nervous system. In the developing eye, expression of Crb1 is detected in the retinal progenitors, and later on becomes restricted to the differentiated photoreceptor cells where it remains active up to the adult stage. In the developing neural tube, expression of Crb1 is restricted to its most ventral structures, coinciding with the expression domain of Nkx2.2. In the adult brain, Crb1 expression is defined to areas where the production and migration of neurons occurs in adulthood. q
In humans, mutations in the Crumbs homologue 1 (CRB1) gene cause Leber congenital amaurosis and retinitis pigmentosa, progressive degenerative diseases of the retina causing severe visual impairment from birth or from childhood, respectively (den Hollander et al., 1999; den Hollander et al., 2001; Lotery et al., 2001) . CRB1 is homologous to Drosophila Crumbs, a protein that is essential for establishing and maintaining apico-basal polarity in epithelia derived from the ectoderm . Crumbs forms a transmembrane anchor for an intracellular protein scaffold that defines the localization of the zonula adherens, a beltlike structure encircling the apex of epithelial cells (Tepass, 1996; Klebes and Knust, 2000) .
Although human CRB1 and Drosophila Crumbs are homologous, their expression patterns are completely different. By reverse transcriptase-polymerase chain reaction (RT-PCR), we showed that the expression of CRB1 is restricted to the retina and brain (den Hollander et al., 1999) , while Drosophila crumbs is expressed in all epithelia derived from the ectoderm, including the epidermis, the foregut and hindgut, the frontal sac, the tracheal system, the salivary glands, the malphigian tubules and the optic lobe . We isolated the mouse Crb1 gene and analyzed its expression pattern in detail during embryonic development and in postnatal stages.
Results and discussion

Identification of the mouse Crb1 gene
The mouse Crb1 gene was identified by RT-PCR and rapid amplification of cDNA ends (RACE). The deduced amino acid sequence is 76% identical to human CRB1. Both proteins consist of 19 epidermal growth factor-like www.elsevier.com/locate/modo domains, 3 laminin A G-like domains, a transmembrane region and a 37-amino acid cytoplasmic domain (Fig.  1A) . The cytoplasmic domain of Drosophila Crumbs has two functional domains, the C-terminal amino acids ERLI and an N-terminal region encompassing a tyrosine residue at the tenth position and a glutamic acid at the 16th position of the cytoplasmic domain (Klebes and Knust, 2000) . These residues are completely conserved in the cytoplasmic domains of mouse Crb1, human CRB1, Drosophila Crumbs and a Crumbs homologue (Crb1) and Crumbs-like protein (Crl1) recently identified in Caenorhabditis elegans (Shibata et al., 2000; Bossinger et al., 2001 ; Fig. 1B ).
Expression of the mouse Crb1 gene during embryonic and post-natal stages
To determine the temporal and spatial expression of Crb1 during mouse development, we performed detailed in situ hybridization experiments on histological sections at several developmental and post-natal stages. Crb1 is expressed exclusively in the eye and the brain, which is in agreement with the expression of CRB1 in human tissues determined previously by RT-PCR (den Hollander et al., 1999) .
In the developing eye, Crb1 expression was first detected at stage E11.5 in the retina anlage (not shown). Crb1 expression is enhanced at the following embryonic stages E12.5, E14.5 and E16.5 ( Fig. 2A-C) , labeling the proliferative retinoblasts. In early post-natal stages (Fig. 2D-F ) and in the adult eye (Fig. 2I,J) Crb1 expression is strongly detected in the photoreceptor cells, which are densely packed in the deepest part of the retina. Furthermore, some cells in the inner nuclear layer express Crb1. Based on their location and morphology, they may represent bipolar neurons (Burmeister et al., 1996) . Finally, a strong Crb1 hybridization signal labels the iris up to adult stage (Fig. 2G,H) .
Outside the eye, Crb1 transcripts were only detected in the central nervous system, starting from stage E10.5. At this stage, Crb1 is expressed predominantly in the ventral part of the neural tube including the ventral spinal cord, the ventral part of the mesencephalon (tegmentum), the mammillary and the hypothalamic regions and the optic area (Fig. 3A) . Interestingly, Crb1 expression is detected as a distinct spot in the zona limitans intrathalamica (arrow in Fig. 3A) , an early embryonic landmark that separates the prospective dorsal and ventral thalami (Larsen et al., 2001) . No expression was detected in the telencephalon, including the basal ganglia and the cerebral cortex.
To examine Crb1 expression in the ventral neural tube in more detail, we compared it with the expression domains of Sonic hedgehog (Shh) and transcription factor Nkx2.2, genes that are expressed in ventral domains along the rostrocaudal length of the neural tube and in the forebrain (Fig. 3A-C) . Shh and Nkx2.2 are molecular markers for the floor plate and the most ventral (V3) interneurons, respectively (Briscoe et al., 1999 (Briscoe et al., , 2000 . The Crb1 positive domain lies near the floor plate region positive for Shh, in an area that is positive for Nkx2.2 (Fig. 3D-F) . Crb1 expression almost completely overlaps with the expression domain of Nkx2.2, although the expression of Nkx2.2 seems to be broader. Thus, Crb1 is expressed by the V3 interneurons placed between the floor plate and the motorneurons all along the spinal cord axis.
In late embryogenesis, Crb1 is expressed mainly in ventral neural structures of the developing brain, including Crb1 is expressed in the outer nuclear layer, the photoreceptor layer, and in some cells of the inner nuclear layer. (F, H, J) are bright fields of hematoxylin-eosin stainings. CB, ciliary body; CO, cornea; GNL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IR, iris; LE, lens; ONL, outer nuclear layer; OSD; outer segment discs of the photoreceptor layer; RE, retina; RPE, retinal pigment epithelium. the mammillary, tuberalis regions of the hypothalamus (Fig.  4A-D,H,I ) and the preoptic area (Fig. 4F,G) . However, starting from E12.5, a strong hybridization signal was detected in the neural area that gives rise to the dorsal thalamus (Fig. 4A-D,F,G) . Finally, we investigated Crb1 expression in the adult brain by in situ hybridization with both 35 S-(not shown) and digoxigenin (DIG)-labeled probes (Fig. 4J-M ) . In both procedures, we detected Crb1 transcripts in the granular layer of the cerebellum (Fig. 4J) , the hippocampal dentate gyrus (Fig. 4K) , the olfactory bulbs (Fig. 4L) , the subventricular region lining the telencephalic ventricles and the rostral migratory stream (Fig. 4M) . Interestingly, these regions of the brain are sites where the production or migration of neurons occurs in adulthood, and from which adult neural stem cells can be retrieved (Vescovi and Snyder, 1999; Weissman, 2000) . Medial-lateral sagittal section of a 2-month-old brain, and high magnifications in (K) the hippocampal area, (L) the olfactory bulb and (M) the telencephalic ventricle. Crb1 expression was detected by DIG-staining in the granular layer of the cerebellum, the dentate gyrus, the glomerular layer of the olfactory bulb, the subventricular layer of the telencephalon and the rostral migratory stream. cb, cerebellum; cx, cortex; dg, dentate gyrus; dt, dorsal thalamus; et, epithalamus; hip, hippocampus; ma, hypothalamic mammillary area; mes, mesencephalon; ob, olfactory bulb; pop, preoptic area; rh, rhomboencephalon; rms, rostral migratory stream; ser, subventricular layer; tu, hypothalamic tuberalis region. Crb1 is expressed in the most ventral (V3) population of interneurons, which are positive for Nkx2.2 expression, and negative for Shh. A schematic representation is shown of genes defining the different neuronal populations in the neural tube. ap, alar plate; ba, branchial arches; bp, basal plate; die, diencephalon; drg; dorsal root ganglia; F, floor plate; hyp, hypothalamus; mes, mesencephalon; mge, medial ganglionic eminence; MN, motorneurons; N, notochord; rh, rhomboencephalon; SP, spinal cord; tel, telencephalon; tg, tegmentum; zli, zona limitans intrathalamica.
Experimental procedures
Isolation of mouse Crb1 and sequence analysis
Total RNA was isolated from mouse eyes with RNAzol B (Campro Scientific). Primer pairs deduced from the human CRB1 gene were used for RT-PCR reactions on mouse eye RNA at an annealing temperature of 488C. Successfully amplified cDNA fragments were sequenced. The Crb1 cDNA sequence was completed by RT-PCR on mouse eye RNA, 5 0 and 3 0 RACE experiments using mouse brain cDNA (Clontech) and subsequent sequencing of PCR products. The sequence of the mouse Crb1 gene was deposited in the GenBank database (accession number AF406641).
Expression studies
A 509 bp fragment (position 200-708) and a 1002 bp fragment (position 1719-2720) of mouse Crb1 were cloned in pBluescript II KS 1 . Antisense and sense Crb1 RNA probes were synthesized by linearization with BamHI or HindIII, and transcription with T3 or T7 RNA polymerase, respectively. In situ hybridizations on embryonic, post-natal and adult stages were performed with the 509 or 1002 bp probe, labeled with 35 S-uridine triphosphate (UTP) as described previously (Bulfone et al., 1993) . In situ hybridizations on adult brain sections were also performed with the 1002 bp probe, labeled with DIG. A 35 S-labeled RNA probe for Nkx2.2 was derived from IMAGE cDNA clone mj56c03 (GenBank accession number AI323063). A 35 S-labeled Shh RNA probe was synthesized from a cDNA clone kindly provided by Dr W. Wurst. In situ hybridization experiments were performed as described previously (Bulfone et al., 1993) , with minor modifications.
